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In yeast and animal cells, mitochondrial disturbances resulting from imbalances in the
respiratory chain require malate dehydrogenase (MDH) activities for re-directing fluxes of
reducing equivalents. In plants, in addition to mitochondria, plastids use malate valves to
counterbalance and maintain redox-homeostasis. Arabidopsis expresses three cytosolic
MDH isoforms, namely cyMDH1, cyMDH2, and cyMDH3, the latter possessing an N-ter-
minal extension carrying a unique cysteine residue C2. In this study, redox-effects on
activity and structure of all three cyMDH isoforms were analyzed in vitro. cyMDH1 and
cyMDH2 were reversibly inactivated by diamide treatment, accompanied by dimerization
via disulfide-bridge formation. In contrast, cyMDH3 forms dimers and higher oligomers
upon oxidation, but its low specific activity is redox-independent. In the presence of
glutathione, cyMDH1 and cyMDH2 are protected from dimerization and inactivation. In
contrast, cyMDH3 still dimerizes but does not form oligomers any longer. From analyses
of single and double cysteine mutants and structural modeling of cyMDH3, we conclude
that the presence of C2 and C336 allows for multiple cross-links in the higher molecular
mass complexes comprising disulfides within the dimer as well as between monomers of
two different dimers. Furthermore, nuclear localization of cyMDH isoforms was signifi-
cantly increased under oxidizing conditions in isolated Arabidopsis protoplasts, in par-
ticular of isoform cyMDH3. The unique cyMDH3 C2–C2-linked dimer is, therefore, a good
candidate as a redox-sensor taking over moonlighting functions upon disturbances of
energy metabolism, as shown previously for the glycolytic enzyme glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) where oxidative modification of the sensitive cata-
lytic cysteine residues induces nuclear translocation.
Introduction
Malate dehydrogenases (MDHs) are essential components of shuttle systems enabling the indirect trans-
fer of reducing equivalents received from NAD(H) or NADP(H) between subcellular compartments in
all eukaryotic cells. MDHs are widely distributed oxidoreductases catalyzing the reversible interconver-
sion of malate and oxaloacetate (OAA). These dicarboxylic acids are exchanged between cell compart-
ments by specific translocators and are required for the distribution of reducing equivalents across
cellular membranes. Systems consisting of MDHs and malate/OAA translocators are described as malate
valves enabling indirect transport of reducing equivalents [1,2]. MDH isoforms occur in the cytosol,
mitochondria, peroxisomes as well as in plastids. Both mitochondria and chloroplasts with their electron
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transport chains carry the risk of excessive reactive oxygen species (ROS) formation upon redox-imbalances. To
counteract oxidative damage, fluxes of reducing equivalents are controlled by MDH isoforms in the respective
compartment to maintain redox-homeostasis. While most MDH isoforms are NAD-dependent, chloroplasts add-
itionally possess a unique NADP-dependent isoform that is post-translationally regulated by redox mechanisms.
Its N- and C-terminal extensions, each carrying two regulatory cysteine residues, are reversibly oxidized by
disulfide-bridge formation. We and others have previously characterized this redox regulatory mechanism allow-
ing for switching activity on in the light, and off within seconds when photosynthetic electron transport stops
upon darkening [3,4]. Furthermore, the adjustment of actual activities and fluxes is tightly controlled with the
help of small molecules affecting the rates of reduction and oxidation. For instance, NADP+ acts negatively on the
reductive activation of NADP–MDH [5–7]. All eukaryotic organisms rely on the adjustment of central metabol-
ism for controlled energy supply, in particular in response to changing (environmental) conditions. These pro-
cesses are most challenging and complex in sessile plants.
Recently, metabolic enzymes such as MDHs came into the focus of research attempts to identify specific
targets in energy metabolism for cancer therapy [8,9]. Cytosolic glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) involved in glycolysis, but also MDH, participates in adjusting energy supply in proliferating cancer
cells and during induction of autophagy [10–12]. Strict cooperation between cytosolic MDH and glycolysis
likely supports the high glycolytic rates in proliferating cells [13]. Cytosolic MDHs play important roles in
various cancer types, such as lung carcinoma [14,15] and pancreatic ductal adenocarcinoma [11]. They partici-
pate in cell-specific activities during development [16], osteoclastogenesis [17], and senescence [18].
The fundamental importance of oxidoreductases in energy metabolism together with the occurrence of
various enzymes of central metabolism in the nucleus gave rise to the active research field aiming to understand
the moonlighting functions of these enzymes that undergo some direct post-translational modification before
they take over new tasks [19]. For instance, nuclear translocation of GAPDH and MDH were shown to induce
the transcription of enzymes required for coping with cadmium stress in the yeast Candida tropicalis [20].
Connected with multiple pathological disorders, disturbance of the cellular redox-homeostasis is now accepted
as the central event that should be counterbalanced by proper therapies [21].
As previously shown for cytosolic GAPDH, changed properties of the oxidized forms of MDHs are hypothe-
sized to activate moonlighting functions that link energy metabolism to adaptive responses required for main-
tenance of redox-homeostasis [22,23]. Redox-dependent reversible inactivation and covalent dimerization have
also been shown to occur when Arabidopsis cyMDH1 is subjected to oxidation [24,25]. This work aimed to
scrutinize the redox-properties of the three cyMDH isoforms from A. thaliana in order to provide evidence for
sensing and signaling roles of cyMDHs in the nucleus.
Experimental procedures
Isolation of Arabidopsis mesophyll protoplasts and localization of cyMDH
isoforms
The cDNA encoding the open reading frame of cyMDH1, cyMDH2, and cyMDH3 (for primers see
Supplementary Table S1) was cloned into the vector pGFP2 (restriction sites: XbaI/XhoI) to generate
cyMDH1–, cyMDH2–, and cyMDH3–GFP gene fusions driven by the CaMV-35S promoter as described by
[26]. The protoplast isolation and transfection were performed as described before by [27]. The co-localization
was analyzed by confocal laser scanning microscopy (LSM780, Zeiss) using a water immersion objective with
63-fold magnification (Zeiss LCI Plan-Neofluar 63×/1.3 Immersion Korr DIC M27). GFP and mCherry were
excited sequentially by the 488 nm line of an argon-ion laser and the 561 nm line of a DPSS laser, respectively.
The choice of laser lines required the main beam splitter MBS488/561. Emission was recorded in three chan-
nels: GFP between 500 and 550 nm (shown in green), mCherry between 571 and 651 nm (shown in magenta),
and chlorophyll between 651 and 700 nm (shown in blue). The pinhole was set to Airy 1–3 corresponding to a
diameter of 63–166 mm, the pixel dwell time was in the range of 10 to 16 ms due to a line averaging of four.
12-bit encoded fluorescence images were analyzed with the co-localization analysis tool of the ZEN black
edition software: Co-localization was quantified by plotting the intensities in the GFP channel against the inten-
sities in the mCherry channel followed by correlation analysis. The degree of co-localization between cyMDH–
GFP fusions and bZIP-mCherry is given as correlation coefficient R and describes the nuclear localization of
the cyMDH isoforms. Cells were treated for 2 h with 0.5% DMSO (mock treatment) or 2.5 mM diamide
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(diazenedicarboxylic acid bis[N,N-dimethylamide]), for 1 h with 20 mM DTT, 200 mM H2O2, 50 mM S-nitroso
glutathione (GSNO), or 100 mM sodium nitroprusside (SNP). Untreated cells served as a control.
Cloning and purification of cyMDH isoforms and their cysteine mutants
A. thaliana ecotype Columbia (Col-0) plants were cultivated for 6 weeks in a growth chamber on soil under
short-day conditions with 7.5 h light and a light intensity of 150 μE m−2 s−1 at 20°C. Total RNA was isolated
from 100 mg frozen leaf material using TRI Reagent (Molecular Research Center, Cincinnati, U.S.A.) as
described in the protocol of the supplier. From 5 μg total RNA, cDNA was synthesized using oligo (dT) as
primers provided with the kit, according to the instructions of the supplier (ThermoFisher Scientific,
Darmstadt, Germany; RevertAid™ First Strand cDNA Synthesis Kit).
cyMDH1, cyMDH2, and cyMDH3 were amplified with the primers cyMDH1_for/cyMDH1_rev,
cyMDH2_for/cyMDH2_rev, and cyMDH3_for/cyMDH3_rev (Supplementary Table S1) containing BamHI, NdeI
or XhoI restriction sites for cloning. After PCR amplification, the cyMDH fragments were ligated into sticky-end
restricted vector pGEM-T Easy according to the instructions of the supplier (pGEM®-T Easy Vector Systems,
Promega). After restriction with NdeI/BamHI (cyMDH1), NdeI/XhoI (cyMDH2) or XhoI/BamHI (cyMDH3),
the 1011-bp (cyMDH1), 1015-bp (cyMDH2), and 1019-bp (cyMDH3) fragments were introduced into the corres-
pondingly restricted expression vector pET-16b (Novagen; Merck Chemicals, Darmstadt, Germany).
Cysteine residues of cyMDH1, cyMDH2, and cyMDH3 were substituted via site-directed mutagenesis
according to the instructions of the supplier (Q5® Site Directed Mutagenesis Kit, New England Biolabs). For
PCR amplification, the PfuUltra II Fusion HS DNA-Polymerase (Agilent Technologies, Santa Clara, U.S.A.)
and the specific mutagenesis primers (Supplementary Table S1) were used. Following PCR, products were
treated for 1 h at 37°C with DpnI, which specifically digests methylated DNA to eliminate the maternal DNA
template. The PCR-derived constructs were verified by DNA sequencing through the ligation sites.
The E. coli mutant strain BL21 (DE3) pLysS was transformed with the respective constructs. A 5 ml overnight
culture was used to inoculate 600 ml YT medium containing 100 μg/ml ampicillin. Cells were cultivated at 37°C
under shaking at 160 rpm. After reaching an OD600 of 0.4–0.6, the protein expression was induced by the add-
ition of 1 mM isopropyl-β-D-thiogalactopyranoside. The cells were incubated at 15°C and 200 rpm for further
12 h and were harvested by centrifugation (5000×g, 20 min, 4°C). The pellet was frozen in liquid nitrogen and
stored at −80°C. For protein purification, the cells were thawed, resuspended in washing buffer (50 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 5 mM imidazole) and disrupted by ultrasonication (Vibracell, Fisher Scientific,
Illkirch, France). After centrifugation (10 000×g, 30 min, 4°C) the supernatant was incubated with Ni-Sepharose 6
Fast Flow (GE Healthcare, Munich, Germany) for 30 min at 4°C in a tube rotary shaker. After exhaustive
washing, the N-terminal His-tagged protein was eluted with elution buffer (50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 250 mM imidazole). For size-exclusion chromatography, the samples were reduced (5 mM DTT) and
loaded onto a pre-equilibrated column (Merck, Darmstadt, Germany) connected to an ÄKTAprime plus chroma-
tography system (GE Healthcare). After checking by SDS–PAGE, only highly pure fractions were concentrated
and stored at −20°C in the final buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl; 10% (v/v) glycerol).
Mass-spectrometric analysis of Cys-containing tryptic peptides
The individual gel slices were washed and treated with 100 mM iodoacetamide. The digestion was started by
adding trypsin (Promega V5511) and samples were incubated for 16 h at 37°C. Subsequently, the peptide-
containing supernatant was centrifuged to remove any particles and transferred in HPLC vials. All following
chromatographically steps were carried out with an Ultimate 3000 Nano HPLC (ThermoFisher): The first 10 ml
of samples were desalted and concentrated using a precolumn (ThermoFisher, C18 PepMap 5 mm, 100 Å with
a dimension of 300 mm (inner diameter) × 5 mm length). The corresponding solvent was water supplemented
with 0.1% trifluoroacetic acid at a flow rate of 25 ml/min.
The loaded and washed precolumn was switched into the ‘nano flow line’ (250 nl/min), where an Easy Spray
column (ThermoFisher, PepMap RSLC C18, 2 mm 100 Å with dimension of 75 mm (inner diameter) and
500 mm (length) was mounted at the end. Peptides were eluted by changing the buffer A (water, 0.1% formic
acid) to 80% of buffer B (80% acetonitrile, 20% water and 0.1% formic acid) continuously in 160 min. The
electro-spray ionization (ESI) was done at 1500 V (ESI Spray Source, ThermoFisher).
A Q-Exactive-Plus orbitrap mass spectrometer (ThermoFisher) was used to determine the MS as well as the
MSMS (HCD fragmentation) data under the conditions described in Supplementary Table S4.
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The collected data were subsequently loaded into Peaks Studio X (Bioinformatics Solution Inc., Canada).
The peptides were identified using a DeNovo approach and the corresponding proteins by a DB-search. The
database contained the individual trypsin peptides of the corresponding cyMDH sequence as well as all conca-
tenates of cysteine-containing peptides in different arrangement. For both searches (DeNovo and DB) the MS
tolerance was adjusted to 15 ppm, the MSMS tolerance to 0.2 Da. As variable post-translational modifications
carbamidomethylation of cysteines (+58 Da), S-glutathionlylation of cysteines (+305 Da) and half of a disulfide
bridge (+8 Da = +1/2 H2O–1H) were chosen.
Determination of NAD–MDH activity
The different cyMDH samples (1 mg/ml) were pre-reduced in the presence of 0.5 mM DTT for 30 min at room
temperature in exchange buffer (35 mM Tris–HCl, pH 8.8). Before the oxidative treatment was started, enzyme
activities of reduced cyMDHs were recorded. To determine the cyMDH activity, proteins were diluted to a final
concentration of 2 ng/ml in reaction buffer (0.1 M Tris–HCl, pH 8.0, bovine serum albumin (0.1 mg/ml),
10 mM MgCl2, 0.2 mM NADH). Cuvettes were filled with 985 ml of reaction buffer and 5 ml sample containing
10 ng protein. After baseline determination, the substrate oxaloacetate (OAA) (1 mM) was added and the
cyMDH activity recorded at 334 nm for 5 min using a spectrophotometer (SPECORD 50, Analytik Jena). After
activity determination of the fully reduced enzyme, the DTT-containing samples were desalted (Desalting Spin
Columns, Thermo Scientific). After the removal of DTT, the proteins were oxidized by incubation with 0.5 mM
diamide for 30 min. To estimate the protective properties of small molecules on cyMDH oxidation, GSH,
NAD+, NADH, NADP+, NADPH, OAA, or malate, at the given concentrations, were added before the oxida-
tive treatment. After determining the activity of the oxidatively treated cyMDHs, 20 mM DTT was used to
check the reversibility of the oxidation process. Data are means from three independent experiments with three
technical replicates each.
Non-reducing gel electrophoresis
For the non-reducing SDS–PAGE, pre-cast Tris-glycine NB 12% gels (NuSep, Germantown U.S.A.) were used.
The protein samples (5 μg) were first pre-reduced for 30 min at room temperature using 5 mM DTT. After
desalting, the samples were oxidized for 30 min in the presence of 5 mM diamide. As controls, samples were
re-reduced with 20 mM DTT for 30 min. Free thiol groups were blocked with 30 mM iodoacetamide. The
samples were incubated in loading dye without DTT at 95°C for 5 min. The Page Ruler Prestained Protein
Ladder (Thermo Scientific) served as molecular mass standard. The electrophoresis was carried out at a con-
stant voltage of 120 V for ∼1 h. For staining, the gel was incubated overnight in a Coomassie solution and then
destained. For the documentation, the gel was photographed using the GelDoc system (Bio-Rad, Feldkirchen,
Germany).
Non-reducing native PAGE was performed as described in [28]. Samples were separated on a 12% (w/v) gel.
The NativeMark Unstained Protein Standard (Invitrogen) served as molecular mass standard. All electrophor-
etic separations were performed in a cold room at 4°C at a constant current of 60 mA for 1 h. Gels were
stained with Coomassie brilliant blue R-250.
Structural modeling
The A. thaliana cyMDH1, cyMDH2, and cyMDH3 amino acid sequences were obtained from the Arabidopsis
Information Resource (TAIR). While the structure of cyMDH1 was previously resolved by [25], structural models
of cyMDH2 and cyMDH3 are lacking so far. Therefore, the sequences of cyMDH2 and cyMDH3 were used to
calculate the corresponding structures via raptorX [29]. These structures were used to generate dimeric models of
cyMDH2 and cyMDH3 using the GalaxyHomomer web server [30]. The top-scoring structures together with the
resolved structure of cyMDH1 (pdb: 5nuf) were then used to analyze the structural models of cyMDH1,
cyMDH2, and cyMDH3 using Pymol version 2.1 [31] together with the ABPS/pdb2pqr plugin [32–34].
Results
Expression pattern of cyMDH isoforms
In A. thaliana, nine genes encode MDH isoproteins, three of them representing cytosolic NAD-dependent
malate dehydrogenases (cyMDH). The expression of cyMDH genes is almost constitutive throughout plant
development but to a varying extent: cyMDH1 (At1g04410) represents the major isoform exhibiting the
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3676
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highest transcript abundance, cyMDH2 (At5g43330) transcript amounts are lower, and cyMDH3 (At5g56720)
is the least represented isoform (Supplementary Figure S1). The cytosolic isoforms do not possess transit pep-
tides in contrast with the organellar isoforms, namely the NAD-dependent MDH in plastids (At3g47520), the
two in mitochondria (At3g15020, At1g53240), and the other two in peroxisomes (At2g22780, At5g09660).
From phylogenetic analyses of Arabidopsis MDH proteins, a close relationship of cyMDHs with the chloroplast
NADP–MDH (At5g58330; 41% identity, regulatory extensions excluded) had been found [35]. Among the
three cytosolic isoforms, six cysteine residues are highly conserved (C79, C125, C155, C252, C292, and C330 in
cyMDH1 and cyMDH2). However, cyMDH3 is unique possessing two additional cysteine residues: A unique
one in the N-terminal extension carrying a cysteine residue at position 2 (C2) and another one near the
C-terminus (C279) (Figure 1).
Enzyme activities of recombinant cyMDH isoforms
First, the effect of oxidation on the specific activities of cyMDH isoforms was analyzed. Although the recombin-
ant enzymes were active after purification with Ni2+-chelating chromatography, they were routinely pre-incubated
with 0.5 mM DTT (pH 8.8) to convert them into the fully reduced form and to remove any pre-existing cysteine
modifications. When assayed in the direction of malate formation, cyMDH1 and cyMDH2 exhibit specific activ-
ities of ∼2000 U/mg protein, while cyMDH3 is characterized by a significantly lower Vmax of ∼500 U/mg protein
(Figure 2A and Supplementary Table S2). The substrate affinities, also for the reverse reaction, all remained in the
typical range of those determined for other NAD–MDH isoforms (Supplementary Table S3).
Effect of preincubation with oxidants and re-reduction on enzyme activity and
covalent oligomerization
For a cytosolic enzyme, it is not immediately expected that cysteine residues are reversibly modified by oxida-
tion. However, oxidative modification of cyMDH1 occurs in vitro upon the addition of oxidants [24,25]. In
these studies, oxidizing conditions result in the dimerization of cyMDH1 through the formation of an intermo-
lecular disulfide bond between two monomers. Both, the covalent dimerization as well as the concomitant loss
of activity, was reversed by incubation with the reductant DTT, and even more effectively in the presence of
reduced thioredoxin h [24,25]. Since in these studies, only cyMDH1 had been analyzed, we were curious to
compare all three isoforms concerning their redox-properties and used cyMDH1 as a control. We found that
cyMDH isoforms 1 and 2 are both inactivated and covalently dimerize by oxidation (Figure 2), thus confirming
the previous studies about cyMDH1 [24,25]. Most interestingly, however, cyMDH3, maintained its low basal
activity upon oxidation with 0.5 mM diamide (Figure 2A). Furthermore, beyond its covalent dimerization, mul-
tiple covalently-linked oligomers were formed upon oxidation. Their molecular masses correspond to trimer,
tetramer, pentamer, up to multiple subunits being covalently linked to each other by disulfide bridges, all being
reversible by re-reduction with DTT (Figure 2B). Upon native PAGE, cyMDH1, and cyMDH2 migrate as
dimers whether reduced or oxidized (Supplementary Figure S2). The oxidized forms exhibit a small shift to a
somewhat larger size/charge caused by a conformational change. This shift is not apparent when C330 is sub-
stituted by serine. In contrast, the cyMDH3 wild-type protein forms higher aggregates upon oxidation which
are absent from the cyMDH3 C2S C336S double mutant (Supplementary Figure S2).
Looking at the structural model of cyMDH3 in more detail, it is obvious that the unique cysteine residue at
position 2 (C2) possibly represents an additional site for the formation of an intermolecular disulfide bridge
between cyMDH3 monomers or even enables covalent oligomerization under oxidizing conditions (Figure 2C).
The C2 in cyMDH3 is localized in the N-terminal extension of the protein that shows a random-coiled struc-
ture. Even though the C2s of two monomers are 46.5 Å apart of each other in the structural model, the
N-terminal regions can be expected to show high flexibility. Mimicking this flexibility via moving the
N-terminal extensions of two monomers of cyMDH3 in the structural model shows that the cysteine residues
at position 2 are getting as close as 3.5 Å enabling the formation of an intermolecular disulfide bridge
(Figure 2C). Therefore, we hypothesize that the presence of C2 in cyMDH3 can lead to the formation of cova-
lently linked dimers and/or oligomers under oxidizing conditions that cannot be found for cyMDH1 and
cyMDH2 (Figure 2B). To prove this hypothesis, we further investigated the redox properties of cytosolic MDH
isoforms and their corresponding cysteine mutants.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3677
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Characterization of cysteine mutants of cyMDH isoforms
To get a better insight into the role of the various cysteine residues and their involvement in the observed oxi-
dative effects on all three cyMDH isoforms, we generated a series of cysteine mutants where every single cyst-
eine residue was substituted by a serine residue. In previous works, it had been already shown for cyMDH1
[24,25] that the C-terminal cysteine residue C330 is responsible for the formation of a disulfide bridge that
gives rise to the covalently linked dimer. We could confirm this phenomenon and found an identical behavior
for cyMDH2. Replacement of all other cysteine residues in cyMDH1 and cyMDH2 did not affect covalent
dimerization or inactivation in the presence of oxidants (Figs. 3 and 4).
In contrast, cyMDH3 exhibited a different pattern where the substitution of C336 (corresponding to C330 in
cyMDH1 and cyMDH2) by serine still allowed for the formation of a covalently linked dimer, but to a much
Figure 1. Positions of cysteine residues in cytosolic MDH isoforms from A. thaliana.
(A) The positions of conserved cysteine residues are shown as black numbers, the two additional cysteine residues of cyMDH3
are indicated in red. (B) Structural models of dimeric cyMDH molecules. Structures are shown for cyMDH1 (generated using
pdb: 5nuf, shown in dark grey), cyMDH2 (generated via raptorX and the GalaxyHomomer web server, shown in grey) and
cyMDH3 (generated via raptorX and the GalaxyHomomer web server, shown in purple). Cysteine residues are marked in yellow
and the N-terminal region is marked in blue.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3678
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lesser extent of higher oligomers compared with the wild-type protein and the other single cysteine mutants of
cyMDH3. In addition, the substitution of C2 by serine prevents covalent oligomerization, but not covalent dimer-
ization of cyMDH3 (Figure 3). This means that covalently linked cyMDH3 oligomers apparently can only be
formed when C2, but not necessarily C336, is present. Only the substitution of both, N-terminal C2 and
C-terminal C336, completely prevented the formation of any kind of intermolecular disulfide bridges, and no
covalently linked dimers were formed any more in this double-cysteine mutant (Figure 3). Therefore, the presence
of C2 and C336 allows for multiple cross-links in the higher molecular mass complexes comprising cross-links
within a dimer as well as between monomers of two different dimers and experimentally confirms our herein
described hypothesis (see above) that was only based on the structural model of cyMDH3 so far (Figure 2C).
As the activities are concerned, the C330S mutant of cyMDH1 and cyMDH2 lost their sensitivity towards
diamide and maintained almost full activity irrespective of reducing or oxidizing preincubation. No major effect
of oxidation was detected when cysteine mutants of cyMDH3 were exposed to diamide similar to wild type
(Figure 4). However, the substitution of C2 by serine resulted in a strong inhibition upon oxidation, and in an
increased activity of reduced cyMDH3 that is similar to the wild type of cyMDH1 and cyMDH2 (Figure 4).
Figure 2. Effect of the redox state on recombinant cyMDH isoforms.
(A) Redox-dependent NAD–MDH activity of cyMDHs. The respective enzymes were pre-reduced in 0.5 mM DTT for 30 min and
desalted. The enzymes were oxidized with 0.5 mM diamide for 30 min. Reversibility of the oxidation process was shown by
adding 20 mM DTT to diamide-treated enzyme. Different letters indicate significant differences of P≤ 0.01 that were statistically
determined by One-way ANOVA with post-hoc Tukey (HSD) Test (n = 3). (B) Oligomerization of recombinant cyMDHs. Enzymes
were pre-reduced in 0.5 mM DTT for 30 min and desalted. The reduced enzymes were oxidized in the presence of 0.5 mM
diamide. Reversibility of the reaction is shown by adding 5 mM DTT to the oxidized enzyme. The pretreated enzymes were
separated by non-reducing SDS–PAGE. A representative image of three independent experiments is shown. (C) Structural
model of cyMDH3. Cysteine residues are marked in yellow. The presence of an additional cysteine residue in the flexible,
random-coiled N-terminal region of cyMDH3 (C2) enables the formation of a C2–C2-linked dimer or even higher oligomers.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3679
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Removal of the cysteine on the unique N-terminal sequence extension of cyMDH3 had recovered the properties
that are common to cyMDH1 and cyMDH2, namely higher specific activity and redox-dependence.
Structural alignments of cyMDH1, cyMDH2, cyMDH3, and cyMDH3 C2S revealed structural differences
close to the N-terminal region of the proteins (Figure 5A). cyMDH1 and cyMDH2 (shown in dark grey and
grey, respectively) are characterized by a small α-helical secondary structure while cyMDH3 (shown in purple) is
predicted to fold into random-coils in this region. The substitution of C2 by serine in cyMDH3 (shown in blue)
leads to the formation of a small α-helix (Figure 5A). Furthermore, the charge distribution around the binding
site for NAD+ of cyMDH1, cyMDH2, cyMDH3, and cyMDH3 C2S differs. While the binding site for NAD+ is
strongly positive in cyMDH1 and cyMDH2, this binding site is less positive or even partially neutral in
cyMDH3 (Figure 5B). The substitution of C2 by serine in cyMDH3 also resembles the strongly positive charges
surrounding the NAD+-binding site (Figure 5B). Although the N-terminal region of cyMDH3 is located opposite
to the NAD+-binding site (on the backside), the presence of C2 seems to impose a long-distance effect on this
region. However, the differences in charge surrounding the NAD+-binding site and the presence or absence of a
small α-helix in the N-terminal region of cyMDHs could have an impact on the affinity for NAD+ and might,
therefore, result in the observed low activity of the cyMDH3 wild-type protein. This effect would explain why
the substitution of C2 by serine results in a similar activity level of cyMDH3 as observed for cyMDH1 and
cyMDH2 wild-type proteins under reducing conditions and inactivation upon oxidation.
The double mutant of cyMDH3 lacking both, N- and C-terminal cysteine residues (C2 and C336), however,
resembled wild-type cyMDH3 with its low and redox-independent activity. Comparing the effect of the
Figure 3. Redox-dependent oligomerization of cyMDH cysteine mutants.
(A) cyMDH1, (B) cyMDH2, and (C) cyMDH3. Enzymes were pre-reduced in 0.5 mM DTT for 30 min and desalted. The reduced
enzymes were oxidized in the presence of 0.5 mM diamide. Reversibility of the reaction is shown by adding 5 mM DTT to the
oxidized enzyme. The pretreated enzymes were separated by non-reducing SDS–PAGE. The same results were observed in
three independent experiments.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3680
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C-terminal cysteine residue on covalent dimerization and activity, it is interesting to note that in cyMDH1 and
cyMDH2, the lack of the C-terminal cysteine residue abolishes both, covalent dimerization and inactivation by
diamide. In contrast, the lack of the C-terminal cysteine residue (C336) in cyMDH3 does not abolish covalent
dimerization that in this case is most likely due to the presence of C2 in the N-terminal extension of cyMDH3.
Effect of simultaneous treatment with GSH and diamide on enzymatic
properties
Since in the cellular environment, reduced glutathione (GSH) is present at relatively high concentrations in the
millimolar range, we repeated the preincubation in the presence of diamide of all three cyMDH isoforms in the
Figure 4. Effect of the redox state on the activity of cysteine mutants of the cyMDH isoforms.
The enzymes were pre-reduced in 0.5 mM DTT for 30 min and desalted. The enzymes were oxidized with 0.5 mM diamide.
Reversibility of the oxidation process was checked by adding 20 mM DTT to diamide-treated enzyme. Asterisks indicate
significant differences between oxidized and reduced samples of a respective mutant (P < 0.01) as determined by One-way
ANOVA with post-hoc Tukey (HSD) Test (n = 3). (DM: Double mutant C2S & C336S).
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3681
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presence of increasing GSH concentrations. Whereas diamide (0.5 mM) alone causes significant inactivation of
cyMDH1 and cyMDH2, and no decrease in the basal activity of cyMDH3 (Figure 6), diamide treatment of the
enzymes in the presence of 0.5 mM GSH resulted in a completely different pattern. GSH prevents the inactiva-
tion of cyMDH1 and cyMDH2 completely. The activity of cyMDH3 was not affected by the oxidative treatment
as was the case in the absence of GSH already (Figure 6A). In non-reducing SDS–PAGE, increasing concentra-
tions of GSH prevented covalent dimerization of cyMDH1 and cyMDH2. For cyMDH3, the same treatment
resulted in the formation of covalently linked dimers, but not of covalently linked oligomers of higher order as
observed in the absence of GSH. GSH at 0.1 mM prevented covalent dimerization of cyMDH1 and cyMDH2,
and covalent oligomerization of cyMDH3, respectively, almost entirely (Figure 6B).
To further analyze the role of a specific cysteine residue in covalent dimerization and oligomerization,
selected cysteine mutants lacking the C- and N-terminal cysteine residues relevant for forming intermolecular
disulfide bridges were subjected to non-reducing SDS gels after oxidation with 0.5 mM diamide in the presence
Figure 5. Structural variation at the N-terminal region and the NAD+-binding site of cyMDH isoproteins.
(A) Structural alignment of cyMDH1 (shown in dark grey), cyMDH2 (shown in grey), cyMDH3 (shown in purple), and cyMDH3
C2S (shown in blue). Cysteine residues are marked in yellow. The substitution of C2 by serine in cyMDH3 is marked in red.
cyMDH3 possesses a random-coil close to the N-terminal region of the protein. In contrast, cyMDH1 and cyMDH2 are
characterized by a small α-helical secondary structure. The substitution of C2 by serine in cyMDH3 converts the random coil to
a small α-helix as found in cyMDH1 and cyMDH2 wild-type proteins (indicated by red arrows). (B) Charge distribution at the
surface of the NAD+-binding sites of cyMDHs (red: negative charges; blue: positive charges). The binding site for NAD+ is
strongly positive in cyMDH1 and cyMDH2, while this region is less positive or even partially neutral in cyMDH3. Upon
substitution of C2 by serine in cyMDH3, the positive charges surrounding the NAD+-binding site re-appear (as indicated by red
arrows).
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3682
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of increasing GSH concentrations (Figure 7). Even in the presence of a low concentration of GSH (0.1 mM),
covalent dimerization of cyMDH1 and cyMDH2 was almost completely prevented (Figs. 6 and 7). A different
pattern became apparent for cyMDH3, as covalent dimerization still occurred at GSH concentrations of up to
5 mM. However, low concentrations of GSH prevented the covalent oligomerization of wild-type cyMDH3 and
Figure 6. Effect of GSH on the redox state of recombinant cyMDH isoforms.
(A) Redox-dependent NAD–MDH activity of cyMDHs. The respective enzymes were pre-reduced in 0.5 mM DTT for 30 min,
desalted, and measured. The enzymes were oxidized with 0.5 mM diamide in the presence of 5 mM GSH for 30 min.
Reversibility of the oxidation process was shown by adding 20 mM DTT to diamide-treated enzyme. Different letters indicate
significant differences of P≤ 0.01 that were statistically determined by One-way ANOVA with post-hoc Tukey (HSD) Test (n = 4).
(B) Oligomerization of recombinant cyMDHs. Enzymes were pre-reduced in 0.5 mM DTT for 30 min and desalted. The reduced
enzymes were oxidized with 0.5 mM diamide in the presence of the indicated GSH concentration. Reversibility of the reaction
is shown by adding 5 mM DTT to the oxidized enzyme. The pretreated enzymes were separated by non-reducing SDS–PAGE.
Similar results were observed in three independent experiments.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3683
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its C336S mutant, while the C336S mutant of cyMDH3 still covalently dimerized via C2 in the presence of
GSH (Figure 7). In contrast, the lack of C2 induced the properties of wild-type cyMDH1 and cyMDH2. The
lack of both, C- and N-terminal cysteine residues (C2 and C336), finally, prevented covalent dimerization com-
pletely independent of the presence of GSH (Figure 7). The unique role of C2 allowing for covalent dimeriza-
tion also in the presence of the redox-buffer GSH points to high sensitivity of cyMDH3 for any increase in
oxidant as is possible to occur as an early indicator for upcoming cellular redox-imbalances. Covalent dimeriza-
tion of cyMDH1 and cyMDH2, as well as covalent oligomerization of cyMDH3, would only occur when part
of the GSH pool turns oxidized as might be the case under substantial oxidative stress.
Mass-spectrometric determination of cysteine modifications after oxidation in
the absence and presence of GSH
To get further insight into cysteine modifications, the oxidized cyMDH isoforms were analyzed by mass spec-
trometry. The occurrence of cysteine-containing tryptic peptides with masses pointing to carbamylation (free
SH-group), S-glutathionylation by the formation of a mixed disulfide with GSH, and intra- or intermolecular
disulfide formation is schematically shown in Figure 8. A cross-link between two different monomers at the
C-terminal cysteine (C330) was identified for cyMDH1 and cyMDH2 only in the absence of GSH. In the pres-
ence of GSH, C330 is predominantly S-glutathionylated and therefore protected from covalent dimerization. The
cysteine residues C79 and C252 of both isoforms are also glutathionylated in the presence of GSH (Figure 8).
Analyses of cyMDH3 resulted in S-glutathionylation of C2, C85, C161, C258, C279, C298, and C336 (corre-
sponding to C330 in cyMDH1 and cyMDH2) after the oxidative treatment in the presence of GSH. Both,
diamide treatment with and without GSH revealed a peptide with two cysteine residues forming an intramolecu-
lar disulfide bridge (Figure 8). For cyMDH3, any intermolecular disulfide bridges between monomers leading to
covalently linked dimers or oligomers of higher molecular mass as seen in the non-reducing gels (Figs. 2 and 3)
could not be detected, probably because not all peptides could be recovered after HPLC separation.
Protection from oxidation by GSH and metabolites
Since in vivo, any enzyme is exposed to varying concentrations of its substrates, products, and GSH, we ana-
lyzed the redox-properties of the three cyMDH isoforms in the presence of the substrates NAD+, NADH,
Figure 7. Effect of GSH on the oligomerization of the cysteine mutants of cyMDH isoforms.
Enzymes were pre-reduced with 0.5 mM DTT for 30 min and desalted. The reduced enzymes were oxidized with 0.5 mM
diamide in the presence of the indicated GSH concentration. The pretreated enzymes were separated by non-reducing SDS–
PAGE. Representative images of three independent experiments are shown.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3684
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OAA, and malate, as well as with or without GSH. Both covalent oligomerization and activity were measured
after preincubation with oxidant in the presence and absence of these small molecules or their combinations.
Interestingly, in the absence of GSH, metabolites also served as protecting small molecules that prevented oxi-
dation and covalent dimerization of cyMDH isoforms. Of the tested substrates and products of the MDH reac-
tion, and NADP(H) as a possible indicator for upcoming oxidative stress, only NADH appeared to protect
cyMDH1 and cyMDH2 from covalent dimerization, and cyMDH3 from covalent oligomerization while cova-
lent dimerization of this third isoform is still possible (Figure 9A). Protection by NADPH, however, was less
efficient compared with NADH. As GSH possesses a similar protective effect as does NADH, we compared
both effects and also applied both protecting small molecules simultaneously (Figure 9B). Protection from
covalent dimerization by NADH and GSH, whether applied separately or together, was apparent for all wild-
type isoforms of cyMDH1 and cyMDH2, and the C2S mutant of cyMDH3. However, both wild-type cyMDH3
and its C336S mutant still covalently dimerized in the presence of NADH and GSH. Apparently, C2 that is
present in the N-terminal extension of cyMDH3 appears to be able to undergo C2–C2-linked dimerization
even under relatively mild stress since NADH and GSH did not appear to protect and prevent the formation of
this particular cross-link.
Figure 8. Redox-dependent cysteine modifications of recombinant cyMDH isoforms.
The position of respective cysteine residues is given by black numbers. Enzymes were pre-reduced in the presence of 5 mM
DTT for 30 min and desalted. The reduced enzymes were oxidized with 0.5 mM diamide with or without 0.5 mM GSH.
Post-translational cysteine modifications (-SH reduced; -S-S- disulfide; -SG S-glutathionylation) were identified by mass
spectrometry.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3685
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Protection from oxidative inactivation was also apparent in the activity responses. Both NADH and GSH
separately or together prevented inactivation of cyMDH1 and cyMDH2 by diamide, but no effect was visible
for cyMDH3 since its lower activity was unaffected by oxidation already in the absence of protecting agents
(Figure 10). NADPH provided partial protection from the inactivation of cyMDH1 and cyMDH2, due to the
high similarity with NADH which is, however, more efficient. OAA, malate as well as ATP were ineffective in
preventing inactivation (data not shown).
Subcellular localization of cyMDH isoforms in Arabidopsis
To verify the subcellular localization of cyMDH1, cyMDH2, and cyMDH3, GFP-fusion constructs were transi-
ently expressed in isolated mesophyll protoplasts from Arabidopsis. As predicted, strong signals for all three
cyMDH isoforms were detected in the cytosol (Figure 11A). Our previous work with cytosolic GAPDH
[23,36,37] had shown that oxidative cysteine modifications correlate with its increased occurrence in the
nucleus. Therefore, the subcellular localization of all three cyMDH isoforms was analyzed under either reducing
(DTT-treated) or oxidizing (diamide-treated) conditions (Figure 11 and Supplementary Figure S3). The nuclear
localization of all three isoforms increased significantly after incubation of the protoplasts with 2.5 mM
diamide for 2 h but not with DTT (Figure 11).
Interestingly, the co-localization of cyMDH3 with the nuclear marker bZIP was found to be highest under all
conditions. In preliminary experiments, H2O2, S-nitrosoglutathione (GSNO), and sodium nitroprusside (SNP)
did not result in significant stimulation of the nuclear localization of any of the three isoforms (Supplementary
Figure S3). The effects of thiol modifications on the enzymatic and structural properties of the cyMDH isoforms,
as shown above, might explain the increased nuclear translocation under oxidizing conditions. Having in mind
the millimolar concentrations of GSH in the cell, and that cyMDH3 forms covalently linked dimers upon oxida-
tion, even under high GSH concentrations of up to 5 mM, it is conceivable that cyMDH3 might serve as a
Figure 9. Effect of small molecules on oxidant-induced dimerization and oligomerization of cyMDH isoforms.
Enzymes were pre-reduced in 5 mM DTT for 30 min and desalted. The reduced enzymes were oxidized in the presence of
0.5 mM diamide and (A) 5 mM NAD+, NADH, NADP+, NADPH, malate, or oxaloacetate (OAA), or (B) 5 mM GSH, NADH, or both
(GSH and NADH), respectively. The pretreated enzymes were separated by non-reducing SDS–PAGE. Similar results were
observed in three independent experiments.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3686
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moonlighting protein in the nucleus (Figs. 6 and 11). The most abundant isoforms cyMDH1 and cyMDH2,
however, remain in the non-covalently linked dimeric and therefore active form under these conditions
(Figure 6), but also show increased nuclear translocation (Figure 11 and Supplementary Figure S3).
Discussion
The comparative analysis of diamide-induced, oxidative cysteine modifications, in particular, the formation of
intermolecular disulfide bridges, reveals differences between the three cytosolic isoforms of NAD-dependent
MDH from A. thaliana. Oxidation of cyMDH1 and cyMDH2 results in inactivation as previously reported for
cyMDH1 [24,25]. In contrast, cyMDH3 is not significantly inactivated under oxidizing conditions.
Figure 10. Protection from oxidative inactivation by specific small molecules.
Before measuring the cyNAD-MDH activity, the respective enzymes were pre-reduced in 0.5 mM DTT for 30 min and desalted.
The reduced enzymes were oxidized in the presence of 0.5 mM diamide plus 0.5 mM NAD+, NADH, NADP+, NADPH. The
oxidized samples were re-reduced in the presence of 20 mM DTT. Asterisks indicate significant differences between oxidized
and re-reduced samples of a respective treatment (P < 0.01) as determined by One-way ANOVA with post-hoc Tukey (HSD)
Test (n = 4).
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3687
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Simultaneously added GSH, as present in the cellular environment, protects cyMDH1 and cyMDH2 from cova-
lently linked dimerization and inactivation, but cyMDH3 with an N-terminal extension carrying the unique
cysteine residue at position 2 (C2) covalently dimerizes independently on the presence of protectants.
Figure 11. Cytosolic and nuclear localization of cyMDH isoforms.
(A) Mesophyll protoplasts were co-transfected with cyMDH isoforms fused to GFP (green) and bZIP-mCherry (magenta) as a
nuclear marker as indicated. Co-localization can be seen in false colors as white areas. Representative images are shown for
protoplasts treated with DMSO (mock treatment for diamide), DTT, and diamide. (B) Correlation of the pattern of bZIP-mCherry
and cyMDH isoforms fused to GFP. Images were taken by confocal laser scanning microscopy and analyzed using the
co-localization tool of ZEN2011 (Zeiss). Correlation coefficients are given for DMSO, DTT, and diamide. Data are means ± SE
from n≥ 10 determinations. Asterisks mark data points that were significantly different from the control (P < 0.01) as determined
by t-test.
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).3688
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In addition to GSH, NADH prevented the covalent dimerization for cyMDH1 and cyMDH2, and the forma-
tion of covalently linked higher oligomers for cyMDH3. All cyMDH isoforms were found to undergo nuclear
translocation upon addition of diamide to isolated mesophyll protoplasts from Arabidopsis, in particular
cyMDH3. As GSH is present at relatively high levels in the cellular environment, diamide treatment of isolated
mesophyll protoplasts will lead to S-glutathionylation of cyMDH isoforms thereby preventing covalent oligo-
merization and at the same time enabling nuclear translocation. These results together with the observed redox-
insensitivity and low activity support the conclusion that cyMDH3 functions as a highly sensitive redox-sensor.
It will be important in future work to analyze the transcriptional responses induced by cyMDH3 translocated
to the nucleus. Since cyMDH1 and cyMDH2 also translocate to the nucleus under oxidizing conditions, all
cyMDHs are candidates for integrating redox- and metabolic information and gene expression.
Oxidation of cytosolic enzymes has been found in other cases, e.g. for cytosolic NAD-dependent GAPDH
(GapC1 and GapC2 in plants) [23,37]. This glycolytic enzyme provides NADH in conjunction with ATP from
the strongly coupled previous step of the 3-phosphoglycerate kinase (3-PGK). Any upcoming oxidative stress
would initiate oxidative modifications at specific cysteine residues of GAPDH. Oxidative modification of a cata-
lytic cysteine and a neighboring cysteine residue immediately leads to the inactivation of glycolytic GAPDH,
and various moonlighting functions of GAPDH are elicited, among others its nuclear translocation [23]. The
glycolytic GAPDH is protected from oxidation as long as the substrate glyceraldehyde-3-phosphate (GAP) is
present [37], enabling the integration of the metabolic state and the redox state. Inhibition of glycolysis redir-
ects glucose oxidation to the oxidative pentose phosphate (OPP) pathway generating NADPH for protection
from oxidative stress [38]. This example is well-known, although the multiple post-translational modifications,
such as S-glutathionylation, S-nitrosylation, or lysine-acetylation that have been found to occur in the plant,
yeast, and the animal GAPDH, could not yet be completely connected with its multiple moonlighting functions
[39,40].
Various other cytosolic enzymes of central metabolism such as triose-phosphate isomerase [41], isocitrate
dehydrogenase [42], and 2-oxo acid dehydrogenase complexes [43] are also subject to redox-regulation and
thought to sense redox-imbalances, switching into their moonlighting functions. The here described responses
of cyMDHs provide another example for this principle of close control of energy fluxes by a metabolic enzyme
functioning as a metabolite-tuned thiol-switch.
In growing tissues, assimilatory processes and central metabolism are of prime importance to increase
biomass and to provide energy for cellular functions. Due to compartmentalization, and the fact that mem-
branes are to some extent impermeable for ATP and practically no transporters for reducing equivalents such
as NAD(P)(H) exist, distribution of energy equivalents relies on indirect mechanisms using interconvertible
metabolites such as triose-phosphate and malate. The latter shuttle system, the so-called malate valve [1,2] con-
sists of dicarboxylate transporters and compartment-specific malate-converting enzymes [44,45]. The chloro-
plast is equipped with two MDH isoforms. On the one hand, it is equipped with the light-activated NADP–
MDH, exporting excess reducing equivalents in the light so that NADP+ remains available as electron acceptor
even when NADPH is not consumed inside the chloroplast or to poise the NADPH/ATP ratio. On the other
hand, NAD-dependent MDH regenerates NAD+ for continued plastidial glycolysis that is required for ATP
supply by substrate phosphorylation in non-photosynthetic situations. In both cases, malate is exported to the
cytosol and can be converted into OAA by cyMDHs. The resulting reducing equivalents (NADH) can either
fuel nitrate assimilation in the cytosol and mitochondrial electron transport for ATP synthesis, or be dissipated
without ATP synthesis via external NAD(P)H dehydrogenases and alternative oxidases (AOX) if ATP is already
in excess. Such final oxidation connected only with thermal dissipation is a versatile means to minimize overre-
duction or oxidative stress in plants under stressful conditions [46,47].
In the presence of GSH, cyMDH1 and cyMDH2 activities are protected from inactivation upon oxidation by
S-glutathionylation at C330. In contrast, cyMDH3 undergoes covalent dimerization via C2–C2 disulfide linkage
but no oligomers in the presence of glutathione. The formation of the unique C2–C2 disulfide-linked cyMDH3
then can serve as a redox sensor to induce protective pathways. The protection by NADH, in contrast, is likely
based on sterical effects. However, even in the presence of NADH covalent dimerization of cyMDH3 will occur
upon oxidation. The here described oxidation of cyMDH1 and cyMDH2 in the absence of GSH and NADH
will occur only when the redox-homeostasis of the malate valve and the conversion into NADH are strongly
disturbed, and NADH decreases. Due to the inactivation of cyMDH1 and cyMDH2, pathways leading to
NADPH generation are required to maintain redox homeostasis. Under these extreme conditions, redirection
of malate oxidation would lead to the formation of NADPH and pyruvate (and CO2) catalyzed by the
© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3689
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NADP-dependent malic enzymes (NADP-ME) in the cytosol [44,48]. NADPH is then used for ROS scaven-
ging, and the formed CO2 can be re-assimilated in the Calvin–Benson cycle. Light-generated ATP and reducing
equivalents can then be fed into the assimilation of CO2, and the risk of overreduction in stressful situations is
prevented. The malate shuttle from chloroplasts to mitochondria serves to avoid ROS accumulation and opti-
mization of photosynthesis in Arabidopsis [49] or to induce cell death [50] that are both examples for interor-
ganellar communication, where malate and MDH fulfill prominent functions of energy distribution and ROS
protection. In rice, starch grain formation and seed development were found to be negatively affected in the
FLO16 mutant lacking a cytosolic MDH [51].
The unique behavior of cyMDH3 enables its function as a sensor that responds very early in cases of upcom-
ing oxidative stress when cellular redox-homeostasis is still maintained and redox-states of GSH (and NADH)
are scarcely affected. The main function of this isoform unlikely is linked to its enzyme activity which is low
and redox-independent, but rather to its ability for taking over moonlighting functions. Since its C2–C2
disulfide-linked dimer appears already upon minor imbalances, it is a likely candidate for tasks elsewhere in
the cell, e.g. as a transcriptional regulator. cyMDH1 and cyMDH2 are protected from inactivation and covalent
dimerization by NADH, as well as GSH. The cyMDH3, in contrast, would still form the unique C2–C2-linked
dimers as soon as oxidative stress emerges, even when the redox-state of the cytosol is maintained in a reduced
state, and GSH (and NADH) redox states are not or little affected. Cellular activities requiring altered transcrip-
tional activities to cope with the upcoming challenge can be induced in a timely and appropriate manner
before major imbalance or even damage becomes apparent.
In mammalian cells, cytosolic MDH interacts with p53, a tumor-suppressive transcription factor, in the
nucleus and affects transcriptional activity during metabolic stress [52]. This example of MDH as a moonlight-
ing enzyme of central metabolism resembles the well-known situation for GAPDH when metabolism directly
regulates transcription and cell fate in general [53,54]. p53, however, is also involved in re-directing metabolic
fluxes when glycolysis is turned on in cancer cells and OPP pathway is inactivated, with the GAPDH as a
central sensor for imbalances that takes over transcriptional co-activator activity [55–58]. A direct effect of p53
on the expression of malic enzymes, thus down-regulation of NADPH production and induction of senescence,
was also shown for mammalian cells [59], providing another example for the dual roles of metabolic enzymes
in both energy conversion and signaling activity. Both, in HeLa cells and A. thaliana, malate, and, in this case,
mitochondrial MDH were shown to be responsible for the induction of programmed cell death [50]. The inter-
action of mammalian MDH with p53 might indicate an analogy with an interaction of plant MDH with the
plant homolog of p53, namely SOG1 (Suppressor Of Gamma Response 1), a transcription factor involved in
the stress response upon UV exposure [60], although there is no experimental evidence yet.
Different types and levels of stress are likely to be sensed due to varying, but specific modifications of
enzymes involved in energy metabolism. Correlation of the various post-translational modifications and their
combinations with specific cellular stress will lead to a more detailed picture of stress responses. Advanced pro-
teomics aiming for the simultaneous analysis of a broad array of covalent modifications needs to be applied
with high temporal and spatial resolution after exposure to stress. A first step is the cysteine redoxome as sug-
gested for multiparameter analysis of cellular redox networks with a possible clinical application for the identi-
fication of early markers of imbalances [61]. A protein that is subject to multiple cysteine modifications (and
additionally lysine acetylation and others) will then function as a built-in sensor and mediator to control
energy metabolism and to maintain redox-homeostasis under a broad range of challenging situations.
Redox-thiol switches were suggested to fine-tune the central pathways of energy metabolism [62], with
S-sulfhydration as another intermediate step during metabolic reprogramming when multiple stress factors
need to be integrated [63].
As the cellular redox-state is not only reflected in cysteine modifications, but even more immediate through
the redox-couples NAD+/NADH and NADP+/NADPH, directly connected with the activity of oxidoreductases,
both oxidative and reductive stress are sensed at the metabolic level and transferred to a signal-transduction
chain [64]. By acting as small molecules affecting protein modifications directly by NAD+-consuming enzymes
[21], or indirectly by their effect upon binding to modification sites on enzymes [7] or on transcription factors
[65], these coenzymes can fine-tune energy fluxes as required [5].
Taken together, the cytosol with its metabolic enzymes connects energy fluxes between the various cell com-
partments and can be seen as a hub for redox-signaling, integrating the different signals and enabling graded
and directed responses in stressful situations [66]. In yeast and mammalian cells that consume glucose either
for growth and controlled proliferation, stress protection under pathological conditions, or uncontrolled growth
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in tumors rerouting of metabolism is under strict control [38,67]. In cancer cells, energy metabolism is repro-
grammed to aerobic glycolysis (also known as the Warburg effect) due to defects of the tumor-suppressing
transcription factor p53 [68–72], again pointing to connections between energy metabolism and the transcrip-
tional master regulator p53.
In a physiological context, in presence of reduced glutathione, the isoforms cyMDH1 and cyMDH2 are pro-
tected from dimerization and inactivation, while cyMDH3 is unique in forming a dimer, but not via the
C-terminal cysteine residues. Instead, cross-linkage occurs solely via cysteine C2 which also appears to be
responsible for the lower activity of cyMDH3 and its insensitivity towards oxidation. Together with the occur-
rence of cyMDH3 in the nucleus as observed in isolated mesophyll protoplasts expressing the fluorescent
fusion proteins of cyMDH3, these properties might indeed hint to a new function of this minor isoform in
transcriptional regulation as its relative occurrence was significantly increased in the nucleus after diamide
treatment.
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